BALDS2.37AUS2 PATENT 

SYNTHETIC MICROSPHERES 

AND METHODS OF MAKING SAME 

Related Applications 

[0001] This application claims the benefit of U.S. Provisional Application No. 
60/405,790, filed on August 23, 2002, and U.S. Provisional Application No. 60/471,400, 
filed on May 16, 2003, which are hereby incorporated by reference in their entirety. 

Background of the Invention 

Field of the Invention 

[0002] Embodiments of this invention generally relate to synthetic microspheres 
and processes for manufacturing the microspheres. These embodiments have been developed 
primarily to provide a cost-effective alternative to commercially available cenospheres. 
Description of the Related Art 

[0003] Any discussion of the prior art throughout the specification should in no 
way be considered as an admission that such prior art is widely known or forms part of 
common general knowledge in the field. 

[0004] Cenospheres are spherical inorganic hollow microparticles foimd in fly 
ash, which is typically produced as a by-product in coal-fired power stations. Cenospheres 
typically make up around l%-2% of the fly ash and can be recovered or "harvested" fi-om fly 
ash. These harvested cenospheres are widely available commercially. The composition, 
form, size, shape and density of cenospheres provide particular benefits in the formulation 
and manufacture of many low-density products. 

[0005] One of the characterizing features of cenospheres is their exceptionally 
high chemical durability. This exceptionally high chemical durability is understood to be 
largely due to the very low content of alkali metal oxides, particularly sodium oxide, in their 
composition. Accordingly, low-density composites produced from harvested cenospheres 
usually have the desirable properties of high strength to weigh ratio and chemical inertness. 
Chemical inertness is especially important in Portland cement applications, where relative 
chemical inertness plays an important role in achieving highly durable cementitious products. 
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Thus, harvested cenospheres have proven to be especially useful in building products and in 
general applications where they may come into contact with corrosive environments where 
high chemical durability is desirable. 

[0006] Despite the known utility of harvested cenospheres, their widespread use 
has been limited to a large extent by their cost and availability. The recovery of cenospheres 
in large quantities from fly ash is a labor intensive and expensive process. Although it is 
possible to increase the recovery of cenospheres from fly ash by modifying the collection 
process, the cost of improved recovery does not make this economically viable. 

[0007] It may also be possible to alter combustion conditions in power stations to 
increase the yield of cenospheres in fly ash. However, combustion conditions in power 
stations are optimized for coal-buming rather than cenosphere production. It is not 
economically viable to increase the yield of cenosphere production at the expense of coal- 
buming efficiency, 

[0008] Several methods for producing synthetic microspheres have also been 
developed and are described in the prior art. Early methods for manufacturing hollow glass 
microspheres involved combining sodium silicate and borax with a suitable foaming agent, 
drying and crushing the mixture, adjusting the size of the crushed particles and subsequently 
firing the particles. However, these methods suffer from the use of expensive starting 
materials such as borax. Hence, the resulting microspheres are necessarily expensive. In 
addition, the product has poor chemical durability due to the presence of a relatively high 
percentage of sodium oxide in the resulting glass composition. 

[0009] U.S. Patent No. 3,752,685 describes a method of producing glass 
microspheres from Shirasu, a naturally occurring volcanic rock. Upon heating at 800 to 
1000°C, finely divided Shirasu forms hollow glass microspheres. However, this method 
relies on the provision of Shirasu, which is not a widely available starting material. 

[0010] U.S. Patent No. 3,365,315 describes a method of producing glass 
microspheres from glass beads by heating in the presence of water vapor at a temperature of 
about 1200°C. This method requires the exclusive use of pre-formed amorphous glasses as 
the starting raw materials. 
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[0011] U.S. Patent No. 2,978,340 describes a method of forming glass 
microspheres from discrete, sohd particles consisting essentially of an alkali metal silicate. 
The microspheres are formed by heating the alkali metal silicate at a temperature in the range 
of 1000-2500^F in the presence of a gasifying agent, such as urea or Na2C03. Again, these 
alkali sihcate microspheres suffer from poor chemical durability due to a high percentage of 
alkali metal oxides. 

[0012] U.S. Patent No. 2,676,892 describes a method of forming microspheres 
from a Macquoketa clay shale by heating particles of the shale to a temperature of 2500- 
3500°F. The resulting product undesirably has an open pore structure leading to a relatively 
high water absorption in an aqueous cementitious environment. 

[0013] U.S. Patent Publication No. 2001/0043996 (equivalent of EP-A-1 156021) 
describes a spray combustion process for forming hollow microspheres having a diameter of 
from 1 to 20 microns. However, this process is unsuitable for making hollow microspheres 
having a diameter similar to that of known cenospheres, which is typically about 200 
microns. In spray combustion processes as described in the reference, rapid steam explosion 
ruptures larger particles thereby preventing formation of hollow microspheres greater than 
about 20 microns in diameter. 

[0014] Hence, from the foregoing, it will be appreciated that there is a need for 
low-cost synthetic microspheres with properties similar to those of natural microspheres 
harvested from fly ash. There is also a need for synthetic microspheres with acceptable 
chemical durability suitable for incorporation into fiber cement compositions. To this end, 
there is a particular need for a low-cost, high yield process of producing synthetic 
microspheres from commonly available raw materials. It is an object of the present invention 
to overcome or ameliorate at least one of the disadvantages of the prior art, or to provide a 
useful alternative. 

Summarv of the Invention 
[0015] Unless the text clearly requires otherwise, throughout the description and 
the claims, the words "comprise", "comprising", and the like are to be construed in an 
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inclusive sense as opposed to an exclusive or exhaustive sense; that is to say, in the sense of 
"including, but not limited to". 

[0016] As used herein, the term "synthetic hollow microsphere" or "synthetic 
microsphere" means a microsphere synthesized as a primary target product of a synthetic 
process. The term does not include harvested cenospheres which are merely a by-product of 
burning coal in coal-fired power stations. 

[0017] Although the term "microsphere" is used throughout the specification, it 
will be appreciated that this term is intended to include any substantially spherical 
microparticle, including microparticles that are not true geometric spheres. 

[0018] As used herein, the term "preparing an agglomerate precursor" means a 
synthetic preparation of an agglomerate precursor by combining the various constituents, for 
example, by a method described below. 

[0019] As used herein, the term "primary component" means that this component 
is the major constituent of the agglomerate precursor, in the sense that the amount of primary 
component exceeds the amount of any other individual constituent. 

[0020] In one aspect, the preferred embodiments of the present invention provide 
method of forming synthetic microspheres having an average particle diameter greater than 
about 30 microns. The method comprises providing an agglomerate precursor comprising at 
least one aluminosilicate component and at least one binding agent, wherein the precursor has 
an alkali metal oxide content of less than about 10 wt.% based on the weight of the precursor. 
The method further comprises firing the precursor at a pre-determined temperatxire profile 
sufficient to combine the aluminosilicate component and the binding agent so as to form a 
microsphere having a substantially spherical wall and an average particle diameter greater 
than about 30 microns. In certain preferred embodiments, the method also comprises 
providing a blowing agent to the precursor and activating the blowing agent during the firing 
step so as to release a blowing gas, thereby forming at least one substantially enclosed void in 
the precursor. 

[0021] In one embodiment, the precursor is fired at a temperature range of 
between about 600 to 2500°C for a period of about 0.05 to 20 seconds. In one embodiment, 
the firing step comprises firing the mixture at a temperature range of between about 600 to 
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2500°C. The firing step can be performed in a variety of different equipment including 
fluidized bed reactor, a vortex furnace, a heated vertical pipe, a fuel fired furnace, or the like. 
Preferably, a molten skin is formed around the precursor during the firing step so as to 
substantially trap the blowing agent inside the molten skin. The blowing agent can be 
activated during or after the formation of the molten skin. In another embodiment, the 
method further comprises drying the aluminosilicate component prior to the firing step. In 
yet another embodiment, the method further comprises rapidly cooling the mixture after the 
firing step. 

[0022] In another aspect, the preferred embodiments of the present invention 
provide a method of manufacturing synthetic microspheres that substantially reduces 
rupturing of the agglomerates during the firing process. The method comprises providing an 
agglomerate precursor having a pre-determined amount of a primary component comprising 
aluminosilicate and a pre-determined amount of at least one pre-selected chemical, wherein 
the at least one pre-selected chemical is combined with the primary component to form a 
mixture. In one embodiment, the aluminosiUcate in the primary component is selected firom 
the group consisting of fly ash, balsatic rocks, and combinations thereof, and the blowing 
agent is selected from the group consisting of powdered coal, carbon black, sugar, and silicon 
carbide, and the binding agent is selected from the group consisting of alkali silicates, 
hydroxides, and combinations thereof. 

The method further comprises drying the mixture to form the agglomerate precursor 
to a first moisture level and then firing the precursor to react the at least one chemical to form 
substantially spherical microspheres. Preferably, the precursor is dried to a moisture level of 
less than about 14 wt.%. In certain embodiments, the agglomerate are dried at a temperature 
of about 50^C or 400°C or prior to the firing step. Advantageously, the drying step is 
configured to remove moisture fi*om the precursor so as to substantially reduce rupturing of 
the microspheres during the firing step. 

[0023] From the foregoing, it will be appreciated that certain aspects of the 
preferred embodiments provide a method of forming a synthetic microsphere that is 
substantially chemically inert and dimensioned to be used as a substitute for natural harvested 
cenospheres. In particular, certain embodiments of the method are designed to form 
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microspheres are configured with physical properties, such as particle size (diameter), aspect 
ratio and density, that are substantially the same as the cenospheres. These and other objects 
and advantages of the preferred embodiments of the present invention will become more 
apparent from the following description taken in conjunction with the following drawings. 

Brief Description of the Drawings 

FIGURE 1 illustrates a phase equilibrium diagram for binary system Na20-Si02, the 
composition being expressed as a weight percentage of Si02; 

FIGURE 2 is a schematic illustration of one preferred method of producing the 
agglomerate precursor of one embodiment of the present invention; 

FIGURE 3 is a scanning electron micrograph of synthetic hollow microspheres 
obtained from Example 1 (Sample 1); 

FIGURE 4 is a scanning electron micrograph of synthetic hollow microspheres 
obtained from Example 1 (Sample 2); 

FIGURE 5 is a scanning electron micrograph of synthetic hollow microspheres 
obtained from Example 1 (Sample 3); 

FIGURE 6 is a scanning electron micrograph of synthetic hollow microspheres 
obtained from Example 2 (Sample 4); 

FIGURE 7 is a scanning electron micrograph of synthetic hollow microspheres 
obtained from Example 2 (Sample 5); 

FIGURE 8 is a scanning electron micrograph of synthetic hollow microspheres 
obtained from Example 2 (Sample 6); 

FIGURE 9 is a scanning electron micrograph of synthetic hollow microspheres 
obtained from Example 3 (Sample 7); 

FIGURE 10 is a scanning electron micrograph of synthetic hollow microspheres 
obtained from Example 4 (Sample 12); 

FIGURE 1 1 is a scanning electron micrograph of synthetic hollow microspheres 
obtained from Example 4 (Sample 13); 

FIGURE 12 is a scaiming electron micrograph of synthetic hollow microspheres 
obtained from Example 5; 
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FIGURE 13 is a scanning electron micrograph of synthetic hollow microspheres 
obtained from Example 5; 

FIGURE 14 is a scanning electron micrograph of synthetic hollow microspheres 
obtained from Example 5; 

FIGURE 15 is a scanning electron micrograph of synthetic hollow microspheres 
obtained from Example 6; 

FIGURE 16 is a scaiming electron micrograph of synthetic hollow microspheres 
obtained from Example 6; 

FIGURE 1 7 is a scaiming electron micrograph of synthetic hollow microspheres 
obtained from Example 7. 

Detailed Description of the Preferred Embodiments 
[0030] Reference will now be made to the drawings wherein like numerals refer 
to like parts throughout. As described hereinbelow, the preferred embodiments of the present 
invention provide a chemically durable, synthetic microsphere having properties and 
characteristics similar to natural cenospheres harvested from fly ash. The preferred 
embodiments also provide a method for manufacturing the microspheres, including raw 
material composition and processing, and uses for the microspheres in various applications, 
including fiber cement products. 
Synthetic Microspheres 

[0031] The synthetic microsphere as described herein generally comprises a 
substantially spherical outer wall and a substantially enclosed cavity or void defined by the 
wall, resembling the general configuration of harvested cenospheres. However, it will be 
appreciated that the synthetic microspheres of certain embodiments can be substantially solid. 
In certain preferred embodiments, the synthetic microsphere has one or more of the following 
characteristics, which are also generally characteristics of harvested cenospheres: 
an aspect ratio of between about 0.8 and 1; 

(i) a void volume of between about 30 and 95%, based on the total volume of the 
microsphere; 
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(ii) a wall thickness of between about 1 to 100 microns and/or 5 and 50% of the 
microsphere radius; 

(iii) a composition comprising about 30 to 85% SiOj, about 2 to 45 wt.%, 
preferably about 6 to 40 wt.%, AI2O3, up to about 30 wt.% divalent metal 
oxides such as MgO, CaO, SrO, and BaO, about 4 to 10 wt.% monovalent 
metal oxides such as Na20, K2O, and up to about 20 wt.% of other metal 
oxides, including metal oxides which exist in multiple oxidation states such as 

TiOj and FeAi 

(iv) a silica to alumina ratio which is greater than about 1 ; 

(v) an average diameter of between about 40 and 500 microns, more preferably 
between about 50 and 300 microns; 

(vi) an outer wall thickness of between about 1 and 50 microns, preferably 
between about 1 and 30 microns, more preferably between about 2.5 and 20 
microns; 

(vii) a particle density of between about 0. 1 and 20 g/cm\ more preferably between 
about 0.2 and 1.5 g/cm\ and more preferably between about 0.4 and 1 g/cm ; 
or 

(viii) a bulk density of less than about 1 .4 g/cm\ preferably less than about 1 g/cm^ 
[0041] In one embodiment, the synthetic microsphere comprises an 

aluminosiUcate material having an average particle diameter of between about 30 to 1000 
microns and an alkali metal oxide content of less than about 10 wt.%, preferably between 
about 2 to 10 wt.%, based on the total weight of the microsphere, hi one preferred 
embodiment, the total alkah metal oxide content is in the range of about 3 to 9 wt.%, more 
preferably about 4 to 8 wt.% based on the total weight of the microsphere. In some 
embodiments, the total alkali metal oxide content of the synthetic microsphere is in the range 
of about 4 to 6 wt.%, based on the total weight of the microsphere. 

[0042] The synthetic microsphere may contain several alkaU metal oxides, 
typically a combination of sodium oxide NajO and potassium oxide KjO, which make up the 
total alkali metal content. The majority of the sodium oxide in the synthetic microspheres is 
typically derived from binding agents (e.g. sodium silicate) used hi forming the microspheres 
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as will be described in greater detail below. In one embodiment, the amount of sodium oxide 
in the synthetic microsphere is preferably in the range of about 2 to 10 wt.%, more preferably 
about 3 to 9 wt.%, more preferably about 4 to 8 wt.%, and more preferably about 4 to 7 wt.%, 
based on the total weight of the microsphere. The amoimt of potassium oxide in the synthetic 
hollow microspheres is preferably less than about 3 wt.%, more preferably less than about 2 
wt.%, and more preferably less than about 1.5 wt.%, based on the total weight of the 
microsphere. 

[0043] In certain embodiments, the synthetic microsphere further comprises one 
or more chemicals used to form the microspheres. For example, the make-up of the wall of 
the synthetic microsphere may include a binding agent that will be described in greater detail 
below. Moreover, the synthetic hollow microsphere may also comprise residual amounts of a 
blowing agent used to form the microsphere as will also be described in greater detail below. 

[0044] The synthetic microspheres of the preferred embodiments have several 
advantages over microspheres known in the prior art. Firstly, the synthetic microspheres 
comprise an aluminosihcate material. Aluminosilicates are inexpensive and widely available 
throughout the world, for example from a large variety of rocks, clays and minerals and also 
from waste by-products, particularly bottom ash and fly ash. It is particularly advantageous 
that the synthetic microspheres can be prepared from fly ash. Secondly, the presence of only 
moderate quantities of alkali metal oxide provides the microspheres with acceptably high 
chemical durability and can be used in the same situations as known cenospheres. For 
example, synthetic microspheres according to preferred forms of the present invention can 
withstand highly caustic environments and harsh autoclaving conditions as typical of some 
fiber cement manufacturing processes. By contrast, synthetic microspheres produced 
according to methods known in the prior art generally contain high amounts of alkali metal 
oxides and thus have unacceptable low chemical durability. 

[0045] Furthermore, an average particle diameter of between about 30 and 1000 
microns for the synthetic microspheres of the preferred embodiments is advantageous. 
Particles of this size are known to be relatively safe is building and other materials. When 
very small particles (e.g. less than about 30 microns) are used in building and other materials, 
the risk of particulates entering the human respiratory system is greatly increased. This is 
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highly undesirable since it is known that the entry of particulates into the respiratory system 
is responsible for many potentially fatal diseases, which have been well documented. The 
risk is increased when composite building materials incorporating the small particles are 
disturbed, for example, by cutting operations. Hence, the larger average particle diameter of 
the synthetic microspheres of the embodiments described herein permits the microspheres to 
be used safely in a range of applications. 

[0046] As will be described in greater detail below, the synthetic hollow 
microsphere of certain preferred embodiments can be formed by first preparing an 
agglomerate precursor, wherein the agglomerate precursor comprises a primary component, a 
binding agent, and a blowing agent and then firing the precursor at a predetermined 
temperature profile sufficient to seal the surface of the precursor and activate the blowing 
agent thereby forming a synthetic hollow microsphere. 
Agglomerate Precursor 

« 

[0047] In certain embodiments, the agglomerate precursor is generally a 
substantially solid agglomerate mixture comprising a primary component, a binding agent 
and a blowing agent. Preferably, the amount of primary component comprises about 40 wt.% 
or more based on the total weight of the agglomerate precursor, more preferably about 50 
wt.% or more, more preferably about 70 wt.% or more, more preferably about 80 wt.% or 
more, and more preferably about 90 wt.% or more. Preferably, the amount of blowing agent 
comprises about 0.05 to 10 wt.%, based on the total weight of the agglomerate precursor, 
more preferably about 0.1 to 6 wt.%, more preferably about 0.2 to 4 wt.%. The exact amount 
of blowing agent will depend on the composition of the primary component, the type of 
blowing agent and the required density of the final microsphere. 

[0048] The preferred ratio of primary component to blowing agent will vary, 
depending on the composition of each of the ingredients. Typically, the ratio of primary 
component to blowing agent is in the range of about 1000:1 to 10:1, more preferably about 
700:1 to 15:1, and more preferably about 500:1 to 20:1. 

[0049] Preferably, the agglomerate precursor has a water content of about 10 
wt.% or less, more preferably about 5 wt.% or less, and more preferably about 3 wt.% or less. 
The agglomerate precursor is substantially dry, although a small amount of moisture may be 
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present in the agglomerate precursor after a solution-based process for forming the precursor, 
which is to be described in greater detail below. A small amount of water may also help to 
bind particles in the agglomerate together, especially in cases where particles in the 
agglomerate precursor are water-reactive. In some embodiments, when the agglomerate 
precursor has greater than about 10 wt.% water, such as for example 14 wt.%., it was found 
that the agglomerate tend to burst into fines during the firing process. 

[0050] Moreover, the agglomerate precursor preferably has a total alkali metal 
oxide content of 10 wt.% or less, and typically in the range of about 3 to 10 wt.%, about 4 to 
10 wt.% or about 5 to 10 wt.%. A total alkah metal oxide content of about 10 wt.% or less is 
advantageous, because microspheres formed from such agglomerate precursors will still have 
acceptably high chemical durability suitable for most applications. 

[00511 Preferably, the agglomerate is particulate, having an average agglomerate 
particle diameter in the range of about 10 to 1000 microns, more preferably about 30 to 1000 
microns, more preferably about 40 to 500 microns, and more preferably about 50 to 300 
microns. 

Primary Component 

[0052] In certain preferred embodiments, the primary component of the 
agglomerate precursor comprises a low alkali material. The "low alkali material" refers to a 
material having an alkah metal oxide content of about 10 wt.% or less, more preferably about 
8 wt.% or less, and more preferably about 5 wt.% or less. However, in some embodiments, 
relative high alkali materials may still be included in the primary component. The relative 
high alkaU materials may be combined with low alkah primary component(s) so that the 
resulting primary component still has a sufficiently low overall alkaU metal oxide content. 
Accordingly, waste glass powders, such as soda lime glasses (sometimes referred to as cuUet) 
having an alkali content of up to 15 wt.% may be included in the primary component. 
However, when combined with other low alkali primary component(s), the overall alkali 
concentration of the primary component should be about 10 wt.% or less. 

[0053] Hitherto, it was believed that relatively large amounts of alkali metal 
oxides were required to act as a fluxing agent in forming glass microspheres from alkali 
metal siUcates {see, for example, U.S. 3,365,315). However, the present inventors have 
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found a method to form synthetic microspheres from commonly available sources of low 
alkali content aluminosilicate raw materials without the need for large quantities of additional 
alkali metal oxides. This will be described in greater detail below. 

[0054] Aluminosilicate materials are well known to the person skilled in the art. 
Generally, these are materials having a large component (e.g., greater than about 50 wt.%, 
preferably greater than about 60 wt.%) of sihca (Si02) and alumina (AI2O3). The amounts of 
silica and alumina will vary depending on the source and may even vary within the same 
source. Fly ash, for example, will contain varying amounts of silica and alumina depending 
on the type of coal used and combustion conditions. However, the skilled person will readily 
understand those materials classed as "aluminosilicates". 

[0055] In one embodiment, the primary component of the precursor comprises at 
least one aluminosilicate material, preferably about 80 wt.% or more, or about 90 wt.% or 
more, based on the weight of the primary component. Typically, aluminosilicate materials 
for use in the embodiments of the present invention have a composition of about 30 to 85 
wt.% Si02; about 2 to 45 wt.% (preferably about 6 to 45 wt.%) AI2O3; up to about 30 wt.% 
(preferably up to about 15 wt.%) divalent metal oxides (e.g. MgO, CaO, SrO, BaO); up to 
about 10 wt.% monovalent metal oxides (e.g. Li20, Na20, K2O); and up to about 20 wt.% of 
other metal oxides, including metal oxides which exist in multiple oxidation states (e.g. Ti02, 
Fe203, etc.) Preferably, the mass ratio of silica (Si02) to alumina (AI2O3) is greater than 
about 1 in the aluminosilicate materials used in certain embodiments of the present invention. 

[0056] Methods of the present embodiments are not limited to any particular 
source of aluminosilicate material. However, the primary component preferably comprises at 
least one aluminosiUcate material selected from fly ash (e.g. Type F fly ash. Type C fly ash, 
etc.), bottom ash, blast-furnace slag, paper ash, basaltic rock, andesitic rock, feldspars, 
aluminosilicate clays (e.g. kaolinite clay, illite clay, bedalite clay, betonite clay, china, fire 
clays, etc.) obsidian, diatomaceous earth, volcanic ash, volcanic rocks, silica sand, silica 
fume, bauxite, volcanic glasses, geopolymers and combinations thereof. More preferably, the 
primary component comprises fly ash and/or basaltic rock. 

[0057] The aluminosilicate material may be either calcined or non-calcined. The 
term "calcined" means that the aluminosilicate material has been heated in air to a 
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predetermined calcination temperature for a predetermined duration so as to either oxidize or 
pre-react certain component(s) of the aluminosihcate material. Calcination of the 
aluminosilicate material may be advantageous in certain embodiments of the present 
invention since the blowing (expansion) process of the microspheres can be sensitive to the 
redox state of multivalent oxide(s) present in the aluminosilicate material. Without wishing 
to be bound by theory, it is believed that activation of the blowing agent is influenced by the 
release of oxygen from the multivalent oxide(s) present in the aluminosilicate material (e.g., 
by redox reaction). As an example, a carbonaceous blowing agent may be oxidized to CO2 
by ferric oxide (FcjOj), which is in turn reduced to ferrous oxide (FeO). The release of CO2 
from the blowing agent expands the microspheres. Hence, by pre-calcining the 
aluminosilicate material in air, the relative amount of ferric oxide is increased, which is then 
used as a source of oxygen for blowing agents to produce more gas, thereby lowering the 
density of the microspheres. 

[0058] In addition, calcination can promote pre-reaction of oxide components 
and/or cause partial vitrification in the aluminosilicate material, which may be beneficial in 
the production of high quality synthetic microspheres. 

Fly ash is a particularly preferred aluminosilicate primary component due to its low 
cost and availability. In one preferred form of the invention, the primary component 
comprises about 5 wt.% or more fly ash, and more preferably about 10 wt.% fly ash or more, 
based on the total amount of primary component. In another preferred form, the primary 
component comprises about 50 wt.% fly ash or more, more preferably about 70 wt.% fly ash 
or more, and more preferably about 90 wt.% fly ash or more, based on the total amount of 
primary component. In some embodiments of the present invention, the primary component 
may be substantially all fly ash. Fly ash may also be used in the form of a fly ash 
geopolymer, which is formed when fly ash is contacted with an aqueous solution of a metal 
hydroxide such as sodixmi hydroxide NaOH or potassium hydroxide KOH. Fly ash 
geopolymers are well known in the art. 

[0059] In certain embodiments, at least one of the aluminosilicate material used 
preferably comprises an amorphous phase and is either partially or wholly amorphous. In 
general, a vitrified material is substantially amorphous. 
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[0060] In certain embodiments, at least one of the aluminosilicate material used 
preferably has an average primary particle diameter in the range of about 0.01 to 100 
microns, more preferably about 0.01 to 100 microns, more preferably about 0.05 to 50 
microns, more preferably about 0.1 to 25 microns, and more preferably about 0.2 to 10 
microns. Preferred particle diameters may be achieved by appropriate grinding and 
classification. All types of grinding, milling, and overall size reduction techniques that are 
used in ceramic industry can be used in embodiments of the present invention. Without 
limiting to other methods of size reduction used for brittle solids, preferred methods 
according to embodiments of the present invention are ball milling (wet and dry), high 
energy centrifugal milling, jet milling, and attrition milling. If more than one aluminosilicate 
material is to be used, then the multitude of ingredients can be co-ground together. In one 
method of the present invention, the blowing agent and, optionally the binding agent as will 
be described in greater detail below, are added to the aluminosihcate material before the 
milling process. For example all the ingredients can be co-ground together (e.g. in a wet ball 
mill), which then substantially eliminates the aqueous mixing. 

[0061] In an altemative embodiment of the present invention, the primary 
component may include waste material(s) and/or other glass-forming material(s) in addition 
to the at least one aluminosilicate material. Typical waste materials or other glass-forming 
material which may be used in this altemative embodiment include waste glasses (e.g. soda 
lime glasses, borosilicate glasses or other waste glasses), waste ceramics, kiln dust, waste 
fiber cement, concrete, incineration ash, or combinations thereof. The total amount of waste 
material and/or other glass-forming material may be up to about 50 wt.% (e.g. up to about 40 
wt.%, up to about 30 wt.%, or up to about 20 wt.%), based on the weight of the primary 
component. As stated above, it is preferred that the total amount of alkali metal oxide in the 
primary component mixture of this type to still be less than about 10 wt.%. 
Blowing Agent 

[0062] The blowing agent used in embodiments of the present invention is a 
substance which, when heated, liberates a blowing gas by one or more of combustion, 
evaporation, sublimation, thermal decomposition, gasification or diffusion. The blowing gas 



-14- 



may be, for example, CO2, CO, O2, H2O, Nj, N2O, NO, NO2, SO2, SO3, or mixtures thereof. 
Preferably, the blowing gas comprises CO2 and/or CO. 

[0063] Preferably, the blowing agent is selected from powdered coal, carbon 
black, activated carbon, graphite, carbonaceous polymeric organics, oils, carbohydrates (e.g. 
sugar, starch, etc.) PVA (polyvinyl alcohol), carbonates, carbides (e.g. silicon carbide, 
aluminum carbide, and boron carbide, etc.), sulfates, sulfides, nitrides (e.g. silicon nitride, 
boron nitride, aluminum nitride, etc), nitrates, amines, polyols, glycols, glycerine or 
combinations thereof Carbon black, powdered coal, sugar and silicon carbide are 
particularly preferred blowing agents. 

[0064] Preferably, and particularly if the blowing agent is non-water soluble, the 
blowing agent has an average particle diameter in the range of about 0.01 to 10 microns, 
more preferably about 0.5 to 8 microns, and more preferably about 1 to 5 microns. 
Binding Agent 

[0065] In preferred embodiment, the agglomerate precursor comprises a binding 
agent (or binder). The primary function of the binding agent is to bind the particles in the 
agglomerate together. In some embodiments, the binding agent may act initially to bind 
particles of the agglomerate together during formation of the agglomerate precursor, and then 
act as a blowing agent during subsequent firing process. 

[0066] In general, any chemical substance that is reactive and/or adheres with the 
aliiminosilicate primary component can be used as the binding agent. The binding agent may 
be any commercially available material used as a binder in the ceramic industry. Preferably, 
the binding agent is selected from alkali metal siUcates (e.g. sodixmi silicate), alkali metal 
alxmiinosilicate, alkali metal borates (e,g. sodium tetraborate), alkali or alkahne earth metal 
carbonates, alkali or alkaline earth metal nitrates, alkali or alkaline earth metal nitrites, boric 
acid, alkali or alkaline earth metal sulfates, alkali or alkaline earth metal phosphates, alkali or 
alkaline earth metal hydroxides (e.g. NaOH, KOH, or Ca(0H)2), carbohydrates (e.g. sugar, 
starch, etc.), colloidal siUca, inorganic silicate cements, Portland cement, alumina cement, 
lime-based cement, phosphate-based cement, organic polymers (e.g. polyacrylates) or 
combinations thereof In some cases, fly ash, such as ultrafme. Type C or Type F fly ash, can 
also act as a binding agent. 
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[0067] The binding agent and blowing agent are typically different from each 
other, although in some cases (e,g, sugar, starch, etc.) the same substance may have dual 
blowing/binding agent properties. 

[0068] The term "binder" or "binding agent", as used herein, includes all binding 
agents mentioned above, as well as the in situ reaction products of these binding agents with 
other components in the agglomerate. For example, an alkah metal hydroxide (e.g. NaOH) 
will react in situ with at least part of the alimiinosiUcate material to produce an alkali metal 
aluminosilicate. Sodium hydroxide may also form sodium carbonate when exposed to 
ambient air containing CO2, the rate of this process increasing at higher temperatures (e.g. 
400°C). The resulting sodium carbonate can react with the aluminosilicate material to form 
sodium aluminosilicate. 

[0069] In certain preferred embodiments, the amount of binding agent is in the 
range of about 0.1 to 50 wt.% based on the total weight of the agglomerate precursor, more 
preferably about 0.5 to 40 wt.% and more preferably about 1 to 30 wt.%. 

[0070] It has been unexpectedly found that the properties of the binder or binding 
agent, and in particular its melting point, affect the properties of the resulting microspheres. 
Without wishing to be bound by theory, it is understood by the present inventors that the 
binder is responsible for forming a molten skin around the agglomerate precursor during or 
prior to activation of the blowing agent in the firing step as will be described in greater detail 
below. Hence, in a preferred form of the present invention, the binding agent has a melting 
point which is lower than the melting point of the whole agglomerate precursor. Preferably, 
the binding agent has a melting point which is less than about 1200°C, more preferably less 
than about 1 100°C, and more preferably less than about 1000°C (e,g, 700 to 1000°C). 

[0071] It has also been unexpectedly found that the degree of crystallinity in the 
binder phase can have a pronounced effect on the formation kinetics of the molten skin. The 
degree of crystallinity at a given temperature may be readily determined from the phase 
diagram of oxides present in the mixture. For example, in a simple binary system of SiOj 
and Na20, there are three eutectic points, with the lowest one having a liquidus temperature 
of about 790°C and a Si02 to NajO ratio of about 3. As sodium oxide concentration is 
increased, the liquidus temperature increases sharply, to about 1089°C at a Si02:Na20 ratio of 
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about 1:1. This is illustrated in Figure 1, which provides a phase diagram of SiOj-Na^O. 
Most other alkaU metal oxides behave similarly to sodium oxide. For example, the KjO-SiOj 
system has also several eutectic points, with the lowest at about 750°C occurring at a SiOz to 
KjO ratio of about 2.1. Similarly, Li20 has several eutectic points with one at 1028°C and a 
ratio of about 4.5. 

[0072] In standard glass technology, sodium oxide is known to be a strong 
fluxing agent. Its addition to silicate glasses lowers the melting point and viscosity of the 
glass. For example, in a typical soda lime glass composition, there is about 15 wt.% sodium 
oxide, which lowers the melting temperature of Si02 from about ITOO^'C to less than about 
1400°C. However, in melting commercial glasses, enough time is given for the melt to reach 
the equihbrium concentration throughout the glass mass, normally in the order of hours or 
longer. Thus, in standard glass technology, sufficient sodium oxide and/or other fluxing 
agents are added so that the whole meh has the requisite viscosity-temperature 
characteristics. 

[0073] However, without wishing to be bound by theory, it is understood by the 
present inventors that, under the fast reaction kinetics of firing (with a temperature increase 
as fast as 2000°C/second), one of the important requirements for rapid formation of a molten 
skin around the agglomerate precursor is rapid melting of the binder component. Hence, it is 
preferred that the binder (present as, for example, sodium silicate or sodium aluminosilicate) 
has a eutectic or near eutectic composition. Preferably, the binder is sodium silicate having a 
SiOjiNasO ratio in the range of about 5:1 to about 1:1, more preferably about 4:1 to about 
1.5:1, more preferably about 3.5:1 to about 2:1. It will be appreciated that other alkah metal 
oxides (e.g. Li20 and K2O) can have the same effect in the binder. However, NaiO is 
preferred due to its low cost. 

[0074] It was unexpectedly found that when sodium sihcate with an about 1:1 
ratio of Si02:Na20 was used as binder to formulate the agglomerate precursor, relatively 
dense microspheres with a particle density of about 1 g/cm^ resulted. However, sodium 
silicate binder with a Si02:Na20 ratio of about 3:1 resulted in microspheres having a lower 
density of about 0.7 g/cm\ In both cases, the overall concentration of Na20 relative to the 
agglomerate was substantially the same. Under the principles of traditional glass-making 
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technology, it would have been expected that there would be little or no difference in the 
final products when using the same amount of fluxing agent. However, the present inventors 
have found that using a eutectic or near eutectic composition in the binder, a molten skin is 
formed rapidly during firing, and low density microspheres result, irrespective of the total 
amount of fluxing agent in the agglomerate. 

[0075] Equally unexpected, it was found that sodium hydroxide showed 
substantially the same trend. Sodium oxide, when used as a binder, reacts with silica present 
in aluminosilicate powders to form a compound of sodium silicate. As more sodium 
hydroxide is added, the ratio of silica to sodium oxide is lowered, resulting in binders with 
progressively higher melting temperatures. 

[0076] Furthermore, the properties of the synthetic microspheres may also be 
dependent on the drying temperature of the agglomerate, and to some extent, the pressure. 
For example, a high drying temperature favors formation of sodium silicate having a lower 
SiOjiNasO ratio, thereby giving a binder having a higher melting temperature. For example, 
about 5 wt.% of NaOH was found to be an appropriate amount of binder for forming low 
density microspheres when the agglomerate was dried at about 50°C. However, a 
substantially identical formulation resulted in higher density microspheres when the 
agglomerate was dried at about 400°C. It was surprisingly found that, when the agglomerate 
was dried at about 400°C, a lower concentration of NaOH (e.g. about 2-3 wt.%) was required 
to produce low density microspheres. 

[0077] Traditionally, it was believed that a relatively high amount (e.g. 15 wt.%) 
of sodium oxide was necessary in glass-making technology to act as a fluxing agent. 
However, in certain embodiments of the present invention, it was surprisingly found that 
relatively high amounts of sodium oxide are actually less preferred. 

[0078] The agglomerate precursor may also include surfactants, which assist in 
dispersion of the agglomerate precursor components into an aqueous solution or paste. The 
surfactants may be anionic, cationic or non-ionic surfactants. 

[0079] As described the above, once the agglomerate precursor is formed, it is 
fired at a predetermined temperature profile sufficient to seal the surface of the precursor and 
activate the blowing agent. 
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Methods of Forming the Synthetic Microspheres 

[0080] As described above, the synthetic microspheres of certain preferred 
embodiments can be formed by first combining the primary component with a binding agent 
and a blowing agent so as to form an agglomerate precursor in a manner to be described in 
greater detail below. For the formation of substantially solid microspheres, the blowing 
agent can be left out. The agglomerate precursor is then fired at a pre-determined 
temperature profile sufficient to activate the blowing agent to release a blowing gas, thereby 
forming a microsphere with at lease one substantially enclosed void. In embodiments for 
forming solid synthetic microspheres, the agglomerate precursor is fired at a pre-determined 
temperature profile that will adequately combine the primary component with the binding 
agent. 

[0081] In certain preferred embodiments, the temperature profile used in the 
firing step substantially fixses the precursor into a melt, reduces the viscosity of the melt, 
seals the surface of the precursor and promotes expansive formation of gas within the melt to 
form bubbles. The temperatxu"e profile preferably should maintain the melt at a temperature 
and time sufficient to allow gas bubbles to coalesce and form a primary void. After foaming 
or formation of the primary void, the newly expanded particles are rapidly cooled, thus 
forming hollow glassy microspheres. In one embodiment, the temperature profile is 
preferably provided by a fiimace having one or more temperature zones, such as a drop tube 
furnace, a vortex type fiimace, a fluidized bed fiimace or a fiiel fired fiimace, with upward or 
downward draft air streams. A fiiel fired fiimace used in certain preferred embodiments of 
the present invention includes fiimace types in which agglomerated precursors are introduced 
directly into one or a multitude of combustion zones, to cause expansion or blowing of the 
particles. This is a preferred type of fiimace, since the particles benefit by direct rapid 
heating to high temperatures, which is desirable. The heat source may be electric or provided 
by burning fossil fiiels, such as natural gas or fiiel oil. One preferred method of heating is by 
combustion of natural gas, since this is more economical than electric heating and cleaner 
than burning fiiel oil. 

[0082] Typically, the peak firing temperature in the firing step is in the range of 
about 600 to 2500°C, more preferably about 800 to 2000°C, more preferably about 1000 to 
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1500°C, and more preferably about 1 100 to 1400°C. However, it will be appreciated that the 
requisite temperature profile will tj^ically depend on the type of aluminosilicate primary 
component and blowing agent used. Preferably, the exposure time to the peak firing 
temperatures described above will be for a period of about 0.05 to 20 seconds, more 
preferably about 0.1 to 10 seconds. 
Method of Forming Agglomerate Precursor 

[0083] As described above, preferred embodiments of the present invention also 
provide methods of preparing an agglomerate precursor that is suitable for forming a 
synthetic hollow microsphere therefrom. FIGURE 2 provides a schematic illustration of one 
preferred method 200 of forming the agglomerate precursor. 

[0084] As shown in Figure 2, the method 200 begins with Step 202, which 
comprises providing a primary component of a predetermined size. Preferably, the primary 
component comprises at least one aluminosiHcate material. Preferably, the amoxmt of 
primary component is greater than about 40 wt.% based on the total dry weight of the 
agglomerate precursor. Preferably, the amount of blowing agent is less than about 10 wt.% 
based on the total dry weight of the agglomerate precursor. Further preferred forms of the 
primary component and blowing agent are described above. 

As shown in FIGURE 2, the method 200 continues with Step 204, which comprises 
mixing the primary component with a blowing agent in water. In certain preferred 
embodiments, a binding agent is additionally mixed with the primary component and the 
blowing agent in Step 204. Preferably, the amoxmt of binding agent is in the range of about 
0.1 to 50 wt.%, based on the total dry weight of the agglomerate precursor. Further preferred 
forms of the binding agent are described above. 

[0085] Other additives {e.g. surfactants) may also be added in the mixing Step 
204, as appropriate. Surfactants may used to assist with mixing, suspending and dispersing 
the particles. Typically, Step 204 provides an aqueous dispersion or paste, which is dried in 
subsequent steps. Mixing can be performed by any conventional means, such that those used 
to blend ceramic powders. Examples of preferred mixing techniques include, but are not 
limited to, agitated tanks, ball mills, single and twin screw mixers, and attrition mills. 



-20- 



[0086] Subsequent to the mixing process in Step 204, the method 200 continues 
with Step 206, in which the mixture is dried. Drying may be performed at a temperature in 
the range of about 30 to 600°C and may occur over a period of up to about 48 hours, 
depending on the drying technique employed. Any type of dryer customarily used in 
industry to dry slurries and pastes may be used. Drying may be performed in a batch process 
using, for example, a stationary dish or container. Altematively, drying may be performed in 
a fluid bed dryer, rotary dryer, rotating tray dryer, spray dryer or flash dryer. Altematively, 
drying may also be performed using a microwave oven. It will be readily appreciated that the 
optimum drying period will depend on the type of drying method employed. 

[0087] When drying is performed in a stationary dish or container, it is preferred 
that the drying temperature is initially not set too high in order to avoid water in the mixture 
boiling violently and thus spewing solids out of the drying container. In this case, the drying 
temperature, at least initially, is preferably in the range of about 30 to 100°C, and more 
preferably about 40 to 80°C to avoid initial, rapid boiling of water. However, after initial 
evaporation of water, the drying temperature may be increased to temperatures up to about 
350®C, which completes the drying process more speedily. 

[0088] As shown in Figure 2, the method 200 of forming the agglomerate 
precursor further includes Step 208, which comprises comminuting the dried mixture from 
Step 206 to form agglomerate preciu*sor particles of a predetermined particle diameter range. 
However, in some embodiments, the drying Step 206 and comminuting Step 208 may be 
performed in a single step. Preferably, the dried mixture is comminuted to provide 
agglomerate precursor particles having an average particle diameter in the range of about 10 
to 1000 microns, more preferably about 30 to 1000 microns, more preferably about 40 to 500 
microns, and more preferably about 50 to 300 microns. The particle diameter of the 
agglomerate precursor will affect the particle diameter of the resultant synthetic hollow 
microsphere, although the degree of correspondence will, of course, only be approximate. 

[0089] It is preferred that preferred embodiments of the present invention provide 
synthetic hollow microspheres having a controlled particle diameter distribution. 
Accordingly, the comminuted agglomerate precursor may be classified to a predetermined 
particle diameter distribution. Altematively, a controlled particle diameter distribution in the 
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agglomerate precursor may be achieved by the use of spray dryer in the drying Step 206. 
Spray drying has the additional advantage of allov^ing a high throughput of material and fast 
drying times. Hence, in one preferred embodiment of the present invention, the drying Step 
206 is performed using a spray dryer. Spray dryers are described in a number of standard 
textbooks (e.g. Indmtrial Drying Equipment, CM. van't Land; Handbook of Industrial 
Drying Edition, Arun S. Mujumbar) and will be v^ell known to the skilled person. The 
use of a spray dryer in the present invention has been found to substantially eliminate the 
need for any sizing/classification of the agglomerate precursor. 

[0090] Preferably, the aqueous slurry feeding the spray dryer comprises about 20 
to 90 wt.% solids, more preferably about 25 to 75 wt.% solids, and more preferably about 60 
to 70 wt.% sohds. In addition to the agglomerate ingredients described above, the slurry may 
contain further processing aids or additives to improve mixing, flowability or droplet 
formation in the spray dryer. Suitable additives are well known in the spray drying art. 
Examples of such additives are sulphonates, glycol ethers, hydrocarbons, cellulose ethers and 
the like. These may be contained in the aqueous slurry in an amount ranging from about 0 to 
5 wt.%. 

[0091] In the spray drying process, the aqueous slurry is typically pumped to an 
atomizer at a predetermined pressure and temperature to form slurry droplets. The atomizer 
may be, for example, an atomizer based on a rotating disc (centrifugal atomization), a 
pressure nozzle (hydraulic atomization), or a two-fluid pressure nozzle wherein the slurry is 
mixed with another fluid (pneumatic atomization). The atomizer may also be subjected to 
cyclic mechanical or sonic pulses. The atomization may be performed from the top or from 
the bottom of the dryer chamber. The hot drying gas may be injected into the dryer co-current 
or counter-current to the direction of the spraying. 

[0092] The atomized droplets of slurry are dried in the spray dryer for a 
predetermined residence time. Typically, the residence time in the spray dryer is in the range 
of about 0.1 to 10 seconds, with relatively long residence times of greater than about 2 
seconds being generally more preferred. Preferably, the inlet temperature in the spray dryer 
is in the range of about 300 to 600°C and the outlet temperature is in the range of about 100 
to 220X. 
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Use of Synthetic Hollow Microspheres 

[0093] The synthetic hollow microspheres according preferred embodiments of 
the present invention may be used in a wide variety of applications, for example, in filler 
applications, modifier applications, containment applications or substrate applications. The 
scope of applications is much greater than that of harvested cenospheres due to the low cost 
and consistent properties of s)nithetic microspheres. . 

[0094] Synthetic microspheres according to the present invention may be used as 
fillers in composite materials, where they impart properties of cost reduction, weight 
reduction, improved processing, performance enhancement, improved machinability and/or 
improved workability. More specifically, the synthetic microspheres may be used as fillers in 
polymers (including thermoset, thermoplastic, and inorganic geopolymers), inorganic 
cementitious materials (including material comprising Portland cement, lime cement, 
alumina-based cements, plaster, phosphate-based cements, magnesia-based cements and 
other hydraulically settable binders), concrete systems (including precise concrete structures, 
tilt up concrete panels, columns, suspended concrete structures etc.), putties {e.g. for void 
filling and patching applications), wood composites (including particleboards, fibreboards, 
wood/polymer composites and other composite wood structures), clays, and ceramics. One 
particularly preferred use of the microspheres according to the present invention is in fiber 
cement building products, 

[0095] The synthetic microspheres may also be used as modifiers in combination 
with other materials. By appropriate selection of size and geometry, the microspheres may 
be combined with certain materials to provide unique characteristics, such as increased film 
thickness, improved distribution, improved flowability etc. Typical modifier applications 
include light reflecting applications {e.g. highway markers and signs), industrial explosives, 
blast energy absorbing structures {e.g. for absorbing the energy of bombs and explosives), 
paints and powder coating applications, grinding and blasting applications, earth drilling 
appUcations (e.g. cements for oil well drilling), adhesive formulations and acoustic or 
thermal insulating applications. 

[0096] The synthetic microspheres may also be used to contain and/or store other 
materials. Typical containment appUcations include medical and medicinal applications (e.g. 
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microcontainers for drugs), micro-containment for radioactive or toxic materials, and micro- 
containment for gases and liquids. 

[0097] The synthetic microspheres may also be used in to provide specific surface 
activities in various applications where surface reactions are used {i.e. substrate applications). 
Surface activities may be further improved by subjecting the synthetic microspheres to 
secondary treatments, such as metal or ceramic coating, acid leaching etc. Typical substrate 
applications include ion exchange applications (for removing contaminants from a fluid), 
catalytic applications (in which the surface of the microsphere is treated to serve as a catalyst 
in synthetic, conversion or decomposition reactions), filtration (where contaminants are 
removed from gas or hquid streams), conductive fillers or RF shielding fillers for polymer 
composites, and medical imaging. 

[0098] In one embodiment, the synthetic microspheres of preferred embodiments 
of the present invention are incorporated in a building material. The synthetic microspheres 
can be incorporated in a composite building material as an additive, low density filler, and/or 
the like. In one embodiment, the synthetic hollow microspheres are incorporated in a 
cementitious material. Due in large part to the low alkali metal oxide content (e.g. less than 
10 wt.%) of the synthetic microspheres, the microspheres are substantially chemically inert 
when in contact with the caustic cementitious material. 

[0099] The synthetic microspheres of preferred embodiments can be incorporated 
in a building material formulation comprising a hydraulic binder, one or more fibers (e.g. 
cellulose fibers) Advantageously, the synthetic microspheres can serve as a substitute for 
harvested cenospheres in all applications because of the synthetic microspheres have 
substantially the same properties as the cenospheres. 

[0100] However, in certain embodiments, the synthetic microspheres can be 
manufactured with properties that are superior to that of harvested cenospheres. For 
example, in some embodiments, the average aspect ratio of the synthetic microspheres is 
closer to 1 than the average aspect ratio of natural cenospheres, thus providing a microsphere 
that is more spherical. Moreover, in some embodiments, the average standard deviation of 
the wall thickness of the synthetic hollow microspheres is less than that of cenospheres, 
which provides a product with a more uniform appearance. These improved properties are 
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achieved through controlling the processing conditions and raw material in manufacturing the 
microspheres. 

[0101] The following examples illustrate some preferred methods of making the 
synthetic hollow microspheres of preferred embodiments of the present invention. 
Example 1 

[0102] This example illustrates a method of making synthetic microspheres from 
formulations comprising fly ash, sodium silicate, and sugar. 

[0103] Three samples were made by mixing a type F fly ash (ground to an 
average size of about 5.4 microns) with a commercial grade sodium silicate solution 
(Si02/Na20 is about 3.22, about 40% solid content), a commercial grade sugar, and water. 
The amounts of ingredients are given in Table 1. The composition of fly ash is given in Table 
2. The mixtures were blended into homogeneous slurry, poured into a flat dish and allowed to 
solidify at room temperature for about 5 minutes. 

[0104] The resulting products were further dried at about 50®C for about 20 
hours, after which they were ground and sieved to obtain powders within a size range of 
about 106 to 180 microns. In the next step, for each sample, the powders were fed into a 
vertical heated tube furnace at an approximate feed rate of about 0.14 grams/min. The gas 
flow inside the tube fumace was about 1 litre of air plus 3 litres of nitrogen per minute. The 
constant temperature zone of the fumace was adjusted to provide residence times from less 
than a second to approximately a few seconds at the peak firing temperatures. The foamed 
microspheres were collected on a fimnel shaped collecting device covered with a fine mesh 
screen positioned at the bottom part of the fiimace. A mild suction was applied to the end of 
fimnel to aid in collecting the microspheres. The products were characterized for particle 
density (e.g. apparent density), percent of water flotation, and approximate particle diameter 
distribution. The results for various firing temperatures and residence times are summarized 
in Table 3. Figures 3 to 5 show the cross sections of the products. 

Table 1. 

Sample No. Fly ash Sodium siUcate Sugar Water 
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solution 


1 


93.1 


58.0 


3.6 


7.0 


2 


104.8 


29.1 


3.6 


19.2 


3 


108.0 


21.0 


3.6 


21.0 



All masses are in grams 



Table 2. 



LOI 


SiO^ 


AI2O3 


Fe203 


CaO 


MgO 


SO3 


NajO 


K2O 


TiO^ 


MnjOj 


P2O5 


Total 


0.39 


50.63 


21.14 


7.62 


12.39 


3.61 


0.66 


0.63 


1.27 


1.30 


0.17 


0.14 


99.95 

1 



All amounts are in percentage of weight 



Table 3. 



Sample 
No. 


Temperature 
(degree C) 


Residence 

time 
(second) 


Apparent 
density 

(g/cm^) 


Water 
float (%) 


Size of 
microspheres 
(micron) 


1 


1300 


0.6-1.1 


0.64 


81 


100-275 


1 


1300 


0.8-1.5 


0.78 






2 


1300 


0.6-1.1 


0.87 


55 


110-240 


3 


1300 


0.6-1.1 


1.05 




75-225 



Example 2 

[0105] This example illustrates a method of making synthetic microspheres from 
formulations comprising fly ash, sodium silicate, and carbon black. 

[0106] Three samples were made by mixing a type F fly ash (ground to an 
average size of about 5.4 microns) with a commercial grade sodium sihcate solution 
(SiOj/NasO is about 3.22, about 40% solid content), a commercial grade carbon black, and 
water. The amounts of ingredients are given in Table 4. The composition of fly ash is given 
in Table 2. Each mixture was blended into homogeneous slurry, poured into a flat dish and 
allowed to solidify at room temperature for about 5 minutes. The resulting products were 
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further dried at about 50°C for about 20 hours, after which they were ground and sieved to 
obtain powders within a size range of 106 to 180 microns. In the next step, for each sample, 
the powders were fed into a vertical heated tube furnace at an approximate feed rate of about 
0.14 grams/min. The gas flow inside the tube fiimace is about 1 Utre of air plus 3 litres of 
nitrogen per minute. The constant temperature zone of the fiunace was adjusted to provide 
residence times from less than a second to approximately a few seconds at the peak firing 
temperatures. The foamed microspheres were collected on a funnel shaped collecting device 
covered with a fine mesh screen positioned at the bottom part of the furnace. A mild suction 
was applied to the end of funnel to aid in collecting the microspheres. The products were 
characterized for particle density (e.g. apparent density), percent of water floatation, and 
approximate particle diameter distribution. The results for various firing temperatures and 
residence times are summarized in Table 5. Figures 6 to 8 show the cross sections of the 
products. 



Table 4. 



Sample No. Fly ash 


Sodium silicate 


Carbon black 


Water 






solution 






4 


95.0 




59.0 


1.2 


7.1 


5 


100.8 




45.0 




18.4 


6 


106.8 




30.0 


1.2 


30.1 


All masses 


are in grams . 










Table 5. 












Sample 


Temperature 


Residence 


Apparent 


Water 


Size of 


No. 


(degree C) 


time 


density 


float (%) 


microspheres 






(second) 


(g/cm^) 




(micron) 


4 


1300 


0.6-1.1 


0.87 


70 


100-275 


5 


1300 


0.6-1.1 


0.75 


71 


100-275 


6 


1300 


0.6-1.1 


0.86 


67 


110-260 
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Example 3 

[0107] This example illustrates a method of making synthetic microspheres form 
formulations comprising fly ash, sodium hydroxide, and carbon black. 

[0108] Three samples were made by mixing a type F fly ash (ground to an 
average size of about 5.4 microns) with a commercial grade soUd sodium hydroxide (flakes), 
a commercial grade carbon black, and water. The amoimts of ingredients are given in Table 
6. The composition of fly ash is given in Table 2. Each mixture was blended into 
homogeneous slurry, poured into a flat dish and allowed to solidify at room temperature for 
about 5 minutes. The resulting products were further dried at about 50°C for about 20 hours, 
after which it was ground and sieved to obtain powders within a size range of about 106 to 
1 80 microns. In the next step, the powders were fed into a vertical heated tube fumace at an 
approximate feed rate of about 0.14 grams/min. The gas flow inside the tube fumace is about 
1 litre of air plus 3 litres of nitrogen per minute. The constant temperature zone of the fumace 
was adjusted to provide residence times from less than a second to approximately few 
seconds at the peak firing temperatures. The foamed microspheres were collected on a funnel 
shaped collecting device covered with a fine mesh screen positioned at the bottom part of the 
fumace. A mild suction was applied to the end of funnel to aid in collecting the microspheres. 
The products were characterized for particle density {e.g. apparent density), percent of water 
floatation, and approximate particle diameter distribution. The results are summarized in 
Table 7. Figure 9 shows the cross section of the product obtained from Sample 7. 



Table 6. 



Sample No. 


Fly ash 


Sodium hydroxide 


Carbon black 


Water 


7 


112.8 


6.0 


1.2 


39.5 


8 


116.4 


2.4 


1.2 


46.6 


9 


117.6 


1.2 


1.2 


47.0 



All masses are in grams 



Table 7. 
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Sample 


Temperature 


Residence 


Apparent 


Water 


Size of 


No. 


(degree C) 


time 


density 


float (%) 


microspheres 






(second) 


(g/cm^) 




(micron) 


7 


1300 


0.6-1.1 


0.65 


77 


85-290 


8 


1300 


0.6-1.1 


0,76 






9 


1300 


0.6-1.1 


0.78 


66 





Example 4 

[0109] This example illustrates a method to make synthetic microspheres form 
formulations consisting of fly ash, basalt, sodium hydroxide, and carbon black. 

[0110] About 94 grams of a type F fly ash and basalt co-ground to an average size 
of about 1 micron were mixed with about 5 grams of solid sodiimi hydroxide (flakes), about 
1 gram of a commercial grade carbon black, and about 38 ml of water. Several samples were 
made by changing the proportions of basalt to fly ash as shown in Table 8. The compositions 
of fly ash and basalt are given in Tables 2 and 9 respectively. Each mixture was blended into 
an homogeneous slurry, poured into a flat dish and allowed to solidify at room temperature 
for about 5 minutes. The resulting product was further dried at about 50°C for about 20 
hours, afl;er which it was ground and sieved to obtain powders within a size range of about 
106 to 180 microns. In the next step, the powders were fed into a vertical heated tube fiimace 
at an approximate feed rate of about 0.14 grams/min. The gas flow inside the tube furnace is 
about 1 litre of air plus 3 litres of nitrogen per minute. The constant temperature zone of the 
fumace was adjusted to provide residence times from less than a second to approximately 
few seconds at the peak firing temperatures. The foamed microspheres were collected on a 
funnel shaped collecting device covered with a fine mesh screen positioned at the bottom part 
of the fumace. A mild suction was applied to the end of funnel to aid in collecting the 
microspheres. The products were characterized for particle density (e.g. apparent density), 
percent of water floatation, and approximate particle diameter distribution. The results are 
summarized in Table 10. Figures 10 and 11 show the cross section of the products of 
Samples 12 and 13 respectively. 
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Table 8. 



Sample No. Fly ash Basalt Sodium Carbon Water 



hydroxide black 



10 75.2 


18.8 




5.0 




1.0 


38.0 




11 56.4 


37.6 




5.0 




1.0 


38vO 




12 37.6 


56.4 




5.0 




1.0 


38.0 




13 18.8 


75.2 




5.0 




1.0 


38.0 




All masses are in grams 
















Table 9. 
















LOI SiOj AI2O3 Fe^Oj 


CaO 


MgO 


SO3 NajO 




TiO^ 




Total 


0 46.13 15.81 9.50 


9.50 


9.60 


0 2.78 


1.53 


2.38 


0.25 0.59 


98.07 



All amounts are in percentage of weight 



Table 10. 



Sample 


Temperature 


Residence 


Apparent 


Water 


Size of 


No. 


(degree C) 


time 


density 


float (%) 


microspheres 






(second) 


(g/cm^) 




(micron) 


10 


1300 


0.8-1.5 


0.76 


62 




11 


1300 


0.8-1.5 


0.77 


63 




12 


1300 


0.8-1.5 


0.76 


65 


100-250 


13 


1300 


0.8-1.5 


1.00 


44 


100-225 



Example 5 

[0111] This example illustrates a method to make synthetic microspheres form a 
formulation comprising basalt, sodium hydroxide, and silicon carbide. 

[01121 About 93.5 grams of basalt ground to an average size of about 1 micron 
was mixed with about 5 grams of a commercial grade solid sodium hydroxide (flakes), about 
1.5 grams of a commercial grade silicon carbide, and about 37.4 ml of water. The 
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composition of basalt is given in table 9. The mixture was blended into homogeneous slurry, 
poured into a flat dish and allowed to solidify at room temperature for about 5 minutes. The 
resulting product was further dried at about 50°C for about 20 hours, after which it was 
ground and sieved to obtain powders within a size range of about 106 to 180 microns. In the 
next step, the powders were fed into a vertical heated tube fumace at an approximate feed 
rate of about 0.14 grams/min. The gas flow inside the tube fumace is about 1 litre of air plus 
3 litres of nitrogen per minute. The constant temperature zone of the fumace was adjusted to 
provide residence times from less than a second to approximately few seconds at the peak 
firing temperatures. The foamed microspheres were collected on a funnel shaped collecting 
device covered with a fine mesh screen positioned at the bottom part of the fumace. A mild 
suction was applied to the end of funnel to aid in collecting the microspheres. The products 
were characterized for particle density (e.g. apparent density), percent of water floatation, and 
approximate particle diameter distribution. The results for various firing temperatures and 
residence times are siunmarized in Table 11. Figures 12-14 show the cross section of the 
products. 



Table 11. 



Temperature 


Residence 


Apparent density 


Water float 


Size of microspheres 


(degree C) 


time (second) 


(g/cm^) 


(%) 


(micron) 


1300 


0.6-1.1 


0.61 






1250 


0.6-1.1 


0.56 


86 


130-260 


1200 


0.6-1.1 


0.59 




85-195 


1150 


0.6-1.1 


1.21 




105-240 



Example 6 

[0113] This example illustrates a method to make synthetic microspheres form a 
formulation comprising fly ash, sodium hydroxide, and silicon carbide. 

[0114] About 93.5 grams of a type F fly ash ground to an average size of about 
1.3 microns was mixed with about 5 grams of solid sodium hydroxide (flakes), about 1.5 
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grams of a commercial grade silicon carbide, and about 37.4 ml of water. The composition of 
the fly ash is given in Table 2. The mixture was blended into homogeneous slurry, poured 
into a flat dish and allowed to soUdify at room temperature for about 5 minutes. The resulting 
product was further dried at about 50°C for about 20 hours, after which it was ground and 
sieved to obtain powders within a size range of about 106 to 180 microns. In the next step, 
the powders were fed into a vertical heated tube furnace at an approximate feed rate of about 
0.14 grams/min. The gas flow inside the tube furnace is about 1 litre of air plus 3 litres of 
nitrogen per minute. The constant temperature zone of the furnace was adjusted to provide 
residence times from less than a second to approximately few seconds at the peak firing 
temperatures. The foamed microspheres were collected on a funnel shaped collecting device 
covered with a fine mesh screen positioned at the bottom part of the fiimace. A mild suction 
was applied to the end of funnel to aid in collecting the microspheres. The products were 
characterized for particle density (e.g. apparent density), percent of water floatation, and 
approximate particle diameter distribution. The results for various firing temperatures and 
residence times are summarized in Table 12. Figures 15 and 16 show the cross section of the 
products. 



Table 12. 



LOI 


SiO^ 




FezOj 


CaO 


MgO 


SO3 


NajO 


K,0 


TiO, 


MnjOj 


P2O5 


Total 


0.40 


61.53 


17.91 


4.72 


7.30 


2.91 


0.40 


2.16 


1.39 


0.86 


0.08 


0.28 


99.94 



All amounts are in percentage of weight 
Table 12. 



Temperature 
(degree C) 


Residence 
time (second) 


Apparent density 
(g/cm^) 


Water float 
(%) 


Size of microspheres 
(micron) 


1400 


0.6-1.1 


0.52 


83 




1300 


0.6-1.1 


0.49 


96 


130-280 


1250 


0.6-1.1 


0.58 




105-220 



Example 7 
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[0115] This example illustrates a method to make synthetic microspheres form a 
formulation comprising fly ash, sodium hydroxide, sihcon carbide as a primary blowing 
agent and carbon black a secondary blowing agent. 

[0116] About 93.8 grams of a type F fly ash ground to an average size of about 
1.3 microns was mixed with about 5 grams of sohd sodium hydroxide (flakes), about 0.2 
grams of a commercial grade siUcon carbide, about 1 gram of commercial grade carbon 
black, and about 37.5 ml of water. The composition of the fly ash is given in Table 2. The 
mixture was blended into homogeneous slurry, poured into a flat dish and allowed to solidify 
at room temperature for about 5 minutes. The resulting product was further dried at about 
50°C for about 20 hours, after which it was ground and sieved to obtain powders within a 
size range of about 106 to 180 microns. In the next step, the powders were fed into a vertical 
heated tube furnace at an approximate feed rate of about 0.14 grams/min. The gas flow inside 
the tube fumace is about 1 litre of air plus 3 litres of nitrogen per minute. The constant 
temperature zone of the fumace was adjusted to provide residence times from less than a 
second to approximately few seconds at the peak firing temperatures. The foamed 
microspheres were collected on a funnel shaped collecting device covered with a fine mesh 
screen positioned at the bottom part of the fumace. A mild suction was applied to the end of 
funnel to aid in collecting the microspheres. The products were characterized for particle 
density (e.g. apparent density), percent of water floatation, and approximate particle diameter 
distribution. The result is summarized in Table 13. Figure 17 shows the cross section of the 
product. 



Table 12. 



Temperature 


Residence 


Apparent density 


Water float 


Size of microspheres 


(degree C) 


time (second) 


(g/cm^) 


(%) 


(micron) 


1300 


0.6-1.1 


0.65 


82 


105-220 



Example 8 

[0117] The compositions (percentage of weight) of synthetic microspheres ("A" 
and "B") according to one preferred embodiment of the present invention were compared 
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with a sample of commercially available harvested cenospheres. The results are shown in 
Table 13. 



Table 13 



Major Oxides 


Harvested 
Cenosphere 


Synthetic 
Microsphere "A" 


Synthetic 
Microsphere "B" 


SiO^ 


62.5 


58.9 


65.8 


AI2O3 


25.2 


17.1 


12.8 


FejOj 


3.7 


4.5 


3.3 


CaO 


1.1 


7.0 


5.2 


MgO 


1.7 


2.8 


2.0 


Na^O 


1.1 


5.2 


6.8 


K2O 


1.9 


1.3 


1.0 


SO3 


0.5 


0.4 


0.3 


Others 


2.3 


2.8 


2.8 



Example 9 

[0118] This example shows typical spray drying conditions used to produce 
agglomerate precursors in certain preferred embodiments of the present invention. 

[0119] Dryer: Bowen Engineering, Inc. No 1 Ceramic Dryer fitted with a 
two-fluid nozzle type 59-BS 

[0120] Air nozzle pressure: about 20 psi 

[0121] Cyclone vacuum: about 4.5 

[0122] Inlet/Outlet temperature: about 550°C/120°C 

[01 23] Chamber vacuum: about 1 .6 

[0124] Slurry solids: about 50% 

[0125] Agglomerate precursors produced using these spray drying conditions had 
a suitable average particle diameter and particle diameter distribution for forming synthetic 
hollow microspheres therefrom. 
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[0126] It will be appreciated that embodiments of the present invention have been 
described by way of example only and the modifications of detail within the scope of the 
invention will be readily apparent to those skilled in the art. 

[0127] One preferred method of the present invention advantageously provides a 
means for producing microspheres in high yield from widely available and inexpensive 
starting materials, such as fly ash, natural rocks and minerals. Hence, the method, in its 
preferred forms, reduces the overall cost of producing microspheres, and consequently 
increases the scope for their use, especially in the building industry where the use of 
presently available cenospheres is relatively Umited due to their prohibitive cost and low 
availability. Hitherto, it was not beUeved that hollow microspheres could be formed 
synthetically from waste aluminosihcate materials, such as fly ash. 

[0128] A further advantage of one embodiment of the present invention, in its 
preferred form, is that the microspheres produced may be tailor-made to suit a particular 
purpose. For example, the size, density and composition of the microspheres may be 
modified, as required, by modifying the relative amounts of ingredients and/or the 
temperature profile/exposure time during formation. 

[0129] Still a further advantage of one embodiment of the present invention, in its 
preferred form, is that the microspheres produced have acceptably high chemical durability 
and can withstand, for example, a highly caustic environment of pH about 12-14 for up to 
about 48 hours. Thus, microspheres produced according to one preferred embodiment of the 
present invention can withstand aqueous cementitious environments, such as Portland cement 
paste. 

[0130] Moreover, in most cases, fiber cement products are cured for up to 24 
hours in an autoclave that is maintained at temperatures as high as 250°C. Microspheres 
produced according to one preferred embodiment of the present invention lose minimal 
amount of mass to dissolution, such as by leaching of siUca, retain their shape, and continue 
to have high mechanical strength in fiber cement products, even after exposure to harsh 
autoclaving conditions. 

[0131] Although the foregoing descriptions of certain preferred embodiments of 
the present invention have shown, described and pointed out some fundamental novel 
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features of the invention, it will be understood that various omissions, substitutions, and 
changes in the form of the detail of the apparatus as illustrated as well as the uses thereof, 
may be made by those skilled in the art, without departing from the spirit of the invention. 
Consequently, the scope of the present invention should not be limited to the foregoing 
discussions. 



-36- 



